Prediction of delamination strength at interface between thin film and substrate by cohesive zone model by Truong, Do Van et al.
V i e t n a m  J o u r n a l  o f  M e c h a n i c s ,  V A S T ,  V o l .  2 8 ,  N o .  4  ( 2 0 0 6 ) ,  p p .  2 5 2 - 2 6 2  
P R E D I C T I O N  O F  D E L A M I N A T I O N  S T R E N G T H  
A T  I N T E R F A C E  B E T W E E N  T H I N  F I L M  A N D  
S U B S T R A T E  B Y  C O H E S I V E  Z O N E  M O D E L  




,  H I R O Y U K I  H I R A K A T A
1  
A N D  T A K A Y U K I  K I T A M U R A
1  
1  
D e p a r t m e n t  o f  E n g i n e e r i n g  P h y s i c s  a n d  M e c h a n i c s ,  K y o t o  U n i v e r s i t y ,  J a p a n  
2  
D e p a r t m e n t  o f  D e s i g n  o f  M a c h i n e r y  8  R o b o t ,  
H a n o i  U n i v e r s i t y  o f  T e c h n o l o g y ,  V i e t n a m  
E m a i l :  d o v a n t r u o n g @y a h o o . c o m  
A b s t r a c t .  A n  e l e c t r o n i c  d e v i c e  c o n s i s t s  o f  m u l t i - l a y e r e d  s u b m i c r o n - t h i c k  f i l m s ,  a n d  d e l a m i n a t i o n  
o f t e n  t a k e s  p l a c e  a t  a n  i n t e r f a c e  e d g e  b e c a u s e  o f  t h e  s t r e s s  s i n g u l a r i t y  n e a r  t h e  e d g e .  S i n c e  t h e  s t r e s s  
s i n g u l a r i t y  a t  a n  i n t e r f a c e  e d g e  d e p e n d s  o n  t h e  e d g e  s h a p e ,  t h e  f r a c t u r e  m e c h a n i c s  c o n c e p t  c a n n o t  
b e  u s e d  t o  c o m p a r e  t h e  d e l a m i n a t i o n  s t r e n g t h  b e t w e e n  t h e  c o m p o n e n t s  w i t h  d i f f e r e n t  s h a p e s .  T h i s  
p a p e r  a i m s  t o  p r e d i c t  t h e  d e l a m i n a t i o n  s t r e n g t h  a t  t h e  i n t e r f a c e  e d g e  w i t h  a r b i t r a r y  s h a p e  u s i n g  
a  c o h e s i v e  z o n e  m o d e l .  T w o  d i f f e r e n t  e x p e r i m e n t s  a r e  c o n d u c t e d  f o r  a  g o l d  t h i n  f i l m  o n  a  s i l i c o n  
s u b s t r a t e  t o  c a l i b r a t e  t h e  c o h e s i v e  l a w .  T h e  v a l i d i t y  o f  t h e  a p p r o a c h  i s  t h e n  d i s c u s s e d .  
1 .  I N T R O D U C T I O N  
D e l a m i n a t i o n  i s  o n e  o f  t h e  m e c h a n i c a l  f a i l u r e s  o f t e n  m e t  i n  m i c r o e l e c t r o n i c  d e v i c e s  
a n d  i t  s o m e t i m e s  b r i n g s  a b o u t  f a t a l  m a l f u n c t i o n  o f  t h e  s y s t e m .  T h e r e f o r e ,  t h e  q u a n t i t a -
t i v e  c o m p a r i s o n  o f  i n t e r f a c e  s t r e n g t h  betw~en b i - m a t e r i a l s  o f  d i f f e r e n t  c o m b i n a t i o n s  i s  a  
n e c e s s a r y  t a s k  t o  c h o o s e  t h e  s u i t a b l e  m a t e r i a l s  a n d  i m p r o v e  t h e  r e l i a b i l i t y  o f  t h e  d e v i c e s .  
I n  t e r m s  o f  m e c h a n i c a l  s t r e n g t h ,  d e l a m i n a t i o n  i s  m a i n l y  c a u s e d  b y  t h e  c o n c e n t r a t e d  
s t r e s s  n e a r  t h e  i n t e r f a c e  e d g e  d u e  t o  t h e  m i s m a t c h  o f  t h e  e l a s t i c  p r o p e r t y .  A c c o r d i n g  t o  
B o g y  [ l ] ,  t h e  s t r e s s  f i e l d  n e a r  t h e  i n t e r f a c e  e d g e  i s  e x p r e s s e d  b y  t h e  f o l l o w i n g  e q u a t i o n  
K  
e r  =  r > -
( 1 . 1 )  
h e r e ,  K  i s  t h e  s t r e s s  i n t e n s i t y  p a r a m e t e r ,  r  i s  t h e  d i s t a n c e  f r o m  t h e  e d g e  a n d  , \  i s  t h e  
s t r e s s  s i n g u l a r i t y .  C r a c k  i n i t i a t i o n  i s  g o v e r n e d  b y  t h e  s i n g u l a r  s t r e s s  f i e l d  a n d  t h e  s t r e n g t h  
i s  c h a r a c t e r i z e d  b y  K  [ 2 - 5 ] .  T h e  c r i t e r i o n  o f  c r a c k  i n i t i a t i o n  i s  d e s c r i b e d  u s i n g  K  a s ,  
K = K c  
( 1 . 2 )  
w h e r e  K c  i s  t h e  c r i t i c a l  s t r e s s  i n t e n s i t y  p a r a m e t e r  w h i c h  i s  c h a r a c t e r i s t i c  f o r  e a c h  i n t e r f a c e  
e d g e .  H o w e v e r ,  b e c a u s e  t h e  d i m e n s i o n  o f  K ,  M P a . m - > . ,  d e p e n d s  o n  t h e  s t r e s s  s i n g u l a r i t y ,  
> - ,  n a m e l y  t h e  m a t e r i a l  c o m b i n a t i o n  a n d  t h e  e d g e  s h a p e ,  w e  c a n n o t  u s e  K c  t o  c o m p a r e  t h e  
c r a c k  i n i t i a t i o n  s t r e n g t h  b e t w e e n  d i f f e r e n t  m a t e r i a l  c o m b i n a t i o n s  a n d  b e t w e e n  d i f f e r e n t  
e d g e  s h a p e s  e v e n  i n  t h e  s a m e  m a t e r i a l  c o m b i n a t i o n .  
R e c e n t l y ,  t h e  c o h e s i v e  z o n e  m o d e l  a p p r o a c h  h a s  e m e r g e d  a s  a  p o w e r f u l  t o o l  t o  s i m u -
l a t e  t h e  f r a c t u r e  b e h a v i o r  [ 7 - 1 4 ]  w i t h  a n  e m p h a s i z e d  f e a t u r e  a s  r e m o v i n g  t h e  s i n g u l a r i t y  
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by considering a cohesive zone ahead of a crack tip [15]. In the cohesive zone, the cohe-
sive traction is related to the separation displacement under the cohesive law evaluated 
by fitting experimental data. The parameters of the cohesive law are specific values to 
materials (interfaces). By using a cohesive zone approach, we might evaluate the ad hoc 
interface strength of bi-materials and compare the strength between them. 
In this study, the method for evaluating the crack initiation strength from interface 
edges between thin films and substrates using a cohesive zone model is developed. The 
cohesive law for an interface between a goid (Au) thin film and a silicon (Si) substrate is 
calibrated by crack initiation and propagation tests. Then, the crack initiation strength 
at the interface edges with different shapes are estimated by finite element method (FEM) 
with the cohesive zone. Finally, the interface strength between different materials is quan-
titatively compared on the basis of the crack initiation stress 
2. EXPERIMENTAL PROCEDURE 
2.1. Materials and specimen 
Fig. 1 shows a crcrss-section of a tested material combination. An Au film with the 
thickness of 200 nm is deposited on a Si substrate of thickness 500 µm by the evaporation 
method under a pressure of 1.9 x 10- 3 Pa. Two different edge angles of 180° / 180° (Type 
A) and 90° /90° (Type B) as shown in Fig. 2 are prepared to calibrate the parameters of 
the cohesive law. 
Au 
Si 
Fig. 1. Cross-section of a test material Au/Si 
(A) (B) 
Fig. 2. Edge shape of interface. Type A with the edge angle of 180° / 180°. Type 
B with the edge angle of 90° /90° 
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F i g .  4 .  C r a c k  i n i t i a t i o n  
F i g .  3  s h o w s  t h e  s p e c i m e n s  o f  T y p e  A  a n d  T y p e  B  a n d  t h e  l o a d i n g  s y s t e m .  A  s q u a r e  
c o u p o n  i s  c u t  f r o m  a  p l a t e  o f  t h e  m a t e r i a l  w i t h  t h e  A u  f i l m  a n d  t h e  S i  s u b s t r a t e .  A  
c a n t i l e v e r  o f  s t a i n l e s s  s t e e l  w i t h  a  p o l i s h e d  s u r f a c e  i s  g l u e d  o n  t h e  c o u p o n  b y  s t a n d a r d  
e p o x y .  T h e n ,  t h e  A u  f i l m  o u t s i d e  o f  t h e  g l u e  r e g i o n  i s  r e m o v e d  f o r  a v o i d i n g  t h e  e f f e c t  
o f  f i l m  f r a c t u r e  d u r i n g  t h e  t e s t .  F o r  T y p e  A  s p e c i m e n s ,  a  p r e - c r a c k  i s  i n t r o d u c e d  b y  t h e  
f o l l o w i n g  m e t h o d  s h o w n  i n  F i g .  4 .  T h e  s u b s t r a t e  a n d  t h e  c a n t i l e v e r  a r e  f i x e d  t o g e t h e r  b y  
a  d r o p  o f  e p o x y .  T h e n ,  a  l o a d  i s  a p p l i e d  t o  t h e  c a n t i l e v e r  e d g e .  A t  a  l o w  l o a d ,  a  c r a c k  
i s  i n i t i a t e d  a t  t h e  l e f t  e d g e  o f  t h e  i n t e r f a c e  a n d  s t o p s  a t  t h e  p o i n t  o f  t h e  d r o p .  F i n a l l y ,  
t h e  d r o p  o f  e p o x y  i s  c a r e f u l l y  r e m o v e d  f r o m  t h e  s p e c i m e n .  T w o  a n d  t h r e e  s p e c i m e n s  a r e  
p r e p a r e d  f o r  T y p e  A  a n d  T y p e  B ,  r e s p e c t i v e l y ,  t o  c h e c k  t h e  r e p e a t a b i l i t y  a n d  t h e  s i z e s  o f  
t h e  s p e c i m e n s  .ar~ l i s t e d  i n  T a b l e  1 .  
C r a c k  p r o p a g a t i o n  a n d  i n i t i a t i o n  t e s t s  a r e  c o n d u c t e d  f o r  t h e  s p e c i m e n s  A  a n d  B  b y  a  
r e m o d e l l e d  m i c r o - V i c k e r s  h a r d n e s s  t e s t e r  (  S h i m a d z u ;  M  C T E - 5 0 0 ) .  T h e  l o a d ,  P ,  i s  a p p l i e d  
a t  t h e  e n d  o f  t h e  c a n t i l e v e r  a t  a  c o n s t a n t  l o a d i n g  r a t e  o f  0 . 0 2  N / s  b y  a n  e l e c t r o - m a g n e t i c  
~-
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Table 1. Specimen sizes and critical loads 
L1 L2 H1 H2 Pre-crack Critical 
(mm) (mm) (mm) (mm) length a load Pc, N 
(mm) 
Type A A-1 6.21 5.91 0.96 1.96 2.70 0.50 A-2 7.01 5.48 0.96 1.87 1.40 0.47 
B-1 8. 18 1.70 0.98 2.10 0 0.59 
Type B B-2 7.36 2.31 0.98 1.94 0 0.74 
B-3 8.83 1.93 0.97 2.07 0 0.55 
actuator which is connected to a loading tip with a cone shape, and the displacement at 
t he loading point, Uy, is monitored during the test . All the tests are conducted at a room 
temperature irt laboratory air. 
2.2. Experiment results 
In all the tests, the relationship between P and Uy is almost linear. At the critical 
value, Pc, at which Uy remarkably increases, the crack begins to propagate in Type A tests 
or a crack is init iated at the interface edge in Type B tests along the interface between 
the Au film and the Si substrate. The resulted critical loads Pc of all the specimens are 
listed in Table 1. 
After the tests, the facture surfaces of both the film and substrate sides are examined 
by Auger electron spectroscopy. Figures 5 (a) and (b) show the spectra on the film and 
the substrate sides of a Type B specimen. Only Au peaks (69, 2024 and 2111 eV) are 
confirmed on the film side while Si peaks (92 and 1619 eV) are recognized on the substrate 
side. This indicates that t he delamination occurs at the clear interface between Au and 
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Fig. 5. Auger electron spectra on the fracture surfaces of Au/ Si 
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3 .  C O H E S I V E  Z O N E  M O D E L  A P P R O A C H  
3 . 1 .  I d e a  o f  t h e  a p p r o a c h  
T h e  c o h e s i v e  z o n e  a p p r o a c h  i s  p r o p o s e d  t o  r e m o v e  t h e  s i n g u l a r i t y  b y  c o n s i d e r i n g  a  
c o h e s i v e  z o n e  a h e a d  o f  a  c r a c k  i n  w h i c h  t h e  a t o m i c  a t t r a c t i o n  a c t s  b e t w e e n  t h e  s e p a r a t i n g  
s u r f a c e s .  T h e  t r a c t i o n  a  i n  t h e  z o n e  i s  a s s u m e d  a s  a  f u n c t i o n  o f  t h e  s e p a r a t i o n  d i s t a n c e  6  
a n d  t h i s  r e l a t i o n s h i p  i s  c o n s i d e r e d  a s  a  c o h e s i v e  l a w .  T h e  w o r k  o f  t h e  i n t e r f a c e  s e p a r a t i o n  
p e r  u n i t  a r e a ,  1
0
,  i s  c a l c u l a t e d  a s  f o l l o w s .  
r 8 r n  
f  0  = J o  < J ( 6 ) d o  
( 3 . 1 )  
.  H e r e ,  6 m  i s  t h e  c r i t i c a l  s e p a r a t i o n  d i s t a n c e  c o r r e s p o n d i n g  w i t h  t h e  v a n i s h m e n t  o f  t r a c t i o n .  
F o r  a n  i n t e r f a c e  w i t h  a  s p e c i f i c  c o h e s i v e  l a w ,  f o r  e x a m p l e  a  b i - l i n e a r  c o h e s i v e  l a w  s h o w n  
i n  F i g .  6 ,  t h e  p a r a m e t e r s  o f f  0 ,  O m  a n d  a m  ( t h e  m a x i m u m  t r a c t i o n )  a r e  s p e c i f i c  v a l u e s  t o  
t h e  i n t e r f a c e  a n d  c a n  b e  c o n s i d e r e d  l i k e  m a t e r i a l  c o n s t a n t s .  
3 . 2 .  C o h e s i v e  z o n e  i n  f i n i t e  e l e m e n t  a n a l y s i s  
O n  t h e  b a s i s  o f  t h e  a b o v e  i d e a ,  N e e d l e m a n  [ 7 ]  i n t r o d u c e d  t h e  c o h e s i v e  s u r f a c e  c o n c e p t  
i n  t h e  F E M ,  i n  w h i c h  t h e  p r e d i c t e d  c r a c k  g r o w t h  p a t h  i s  i n s e r t e d  b y  a  l a y e r  a s  a  c o h e s i v e  
z o n e .  T h e  m a t e r i a l  b e h a v i o r  i n  t h i s  z o n e  i s  d e s c r i b e d  b y  a  c o h e s i v e  l a w  t h a t  r e l a t e s  t h e  
c o h e s i v e  t r a c t i o n  t o  t h e  s e p a r a t i o n  d i s p l a c e m e n t  b e t w e e n  t h e  u p p e r  a n d  l o w e r  c o h e s i v e  
s u r f a c e s .  T h e  c r a c k  g r o w t h  o c c u r s  o n l y  w h e n  t h e  s e p a r a t i o n  d i s p l a c e m e n t  a t  t h e  t a i l  o f  
t h e  c o h e s i v e  z o n e  r e a c h e s  a  c r i t i c a l  v a l u e ,  a t  w h i c h  t h e  c o h e s i v e  t r a c t i o n  v a n i s h e s .  
T h e r e  a r e  m a n y  p r o p o s e d  c o h e s i v e  l a w s  s u c h  a s  b i - l i n e a r  [ 1 1 - 1 3 ] ,  t r a p e z o i d a l  [ 1 0 ,  1 2 ]  
a n d  e x p o n e n t i a l  [ 1 6 ]  l a w s .  I n  t h i s  s t u d y ,  t h e  b i - l i n e a r  c o h e s i v e  l a w  a s  s h o w n  i n  F i g .  6  
i s  c h o s e n .  T h e  b i - l i n e a r  c o h e s i v e  l a w  i s  c h a r a c t e r i z e d  b y  f o u r  p a r a m e t e r s  a s  t h e  w o r k  o f  
i n t e r f a c e  s e p a r a t i o n  p e r  u n i t  a r e a ,  1
0
,  t h e  m a x i m u m  t r a c t i o n  a m ,  t h e  m a x i m u m  s e p a r a -
t i o n  d i s p l a c e m e n t  O m ,  a n d  t h e  i n i t i a l  s l o p e ,  c .  1
0  
c a n  b e  s e t  a t  t h e  v a l u e  e q u a l  t o  t h e  
c r i t i c a l  e n e r g y  r e l e a s e  r a t e  1  c  ( o r  c r i t i c a l  J - i n t e g r a l ,  l e )  f o r  a n  i n t e r f a c e  c r a c k  ( e d g e  a n g l e :  
1 8 0 °  / 1 8 0 ° )  i n  a  e l a s t i c  b i - m a t e r i a l s  [ 1 7 ] ,  w h i l e  t h e  o t h e r  p a r a m e t e r s  a r e  e v a l u a t e d  b y  f i t t i n g  
t h e  c r i t i c a l  l o a d  o b t a i n e d  b y  t h e  n u m e r i c a l  a n a l y s i s  t o  t h a t  o b t a i n e d  b y  t h e  e x p e r i m e n t .  
T r a c t i o n ,  c r  
c r m  
r o  
l& m  
.~-----
& ,  
& 2  
S e p a r a t i o n ,  &  
F i g .  6 .  B i - l i n e a r  c o h e s i v e  l a w  
T o  e l i m i n a t e  t h e  e f f e c t  o f  t h e  t h i c k n e s s  o f  t h e  c o h e s i v e  l a y e r  o n  t h e  r e s u l t ,  t h e  v a l u e  o f  
t h i c k n e s s  i s  s e t  a t  o n e  u n i t  l e n g t h  i r i  t h e  F E M  [ 1 8 ] .  T h i s  c h o i c e  e n s u r e s  t h a t  t h e  s t r a i n s  
a r e  e q u a l  t o  t h e  r e l a t i v e  s e p a r a t i o n  d i s p l a c e m e n t s  i n  t h e  c o h e s i v e  z o n e .  K i t a m u r a  [ 1 9 ]  
i n d i c a t e d  t h a t  t h e  s t r e s s  c o n c e n t r a t e d  r e g i o n  n e a r  t h e  i n t e r f a c e  e d g e  b e t w e e n  t h e  A u  t h i n  
/ 
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film and the Si substrate is on the order of 10 nm. Thus, the smallest size of the cohesive 
element near the interface edge is set at 10 nm in the FEM. 
4. CALIBRATION OF THE PARAMETERS OF THE COHESIVE LAW 
The cohesive law shown in Fig. 6 can be expressed by a following relationship. 
1 1 
ro = 2crm8m = 2crm(81 + 82) (4 .1) 
or 
(4.2) 
Among the four parameters, only three of them, for example r 0 , crm, and c, are 




Fig. 7. Mesh division for FEM analysis 
The calibration process of the parameters of the cohesive law in Type A is started by 
a following scheme. The work of the interface separation per unit area r 0 is set at the 
value equal to the critical J-integral, le. This is justified by the lack of occurred plasticity 
anywhere in the specimen (in this case, r c = le). le is calculated by a commercial FEM 
code, ABAQUS 6.5, under the plane strain condition. The FEM mesh is shown ip Fig. 7, 
in. which a ring of collapsed quadratic quadrilateral elements is used at the crack tip. The 
critical load, Pc, obtained from the experiment is applied to the edge of the cantilever. 
The materials are assumed to be linear elastic and isotropic, and the elastic constants used 
are listed in Table 2. The obtained values of le in each specimen are listed in Table 3, 
and r 0 is set at the average value of le = 0.165 J/m2.. . 
Next , the other parameters O'm and c are calibrated in the FEM with the cohesive 
zone. Beca~se the initial slope, c, is insensitive to G0 in the range of from 106 GPa/m to 
108 GPa/ m, c is chosen at 107 GPa/m in this study. The last parameter, the maximum 
traction, sm, is calibrated at 1.0 MPa which is the best match to the measured delamination 
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Table 4. Crack initiation load 
Specimen B-1 B-2 B-3 
pgx, N 0.59 0.55 0.74 
p <..:ZM N 
c ' 
0.52 0.51 0.80 
5. CRACK INITIATION STRENGTH 
5.1. Comparison of the crack initiation strength among different edge shapes 
In this section, the comparison of the crack init iation strengths for the interface edges 
with differ.ent angles on the basis of the cohesive zone model approach. Fig. 9 shows 
the FEM models of Au interconnects on Si substrates with the edge angles of 60° / 180°, 
90° / 180° and 120° / 180°. The bottom face of the Si substrate is completely fixed and the 
symmetry boundary condition is applied on the right face. Uniform gross stress, a9 , is 
applied on the upper surface of the Au part and is monotonically increased. The crack 
init iation stress, a gc, is evaluated when the first cohesive element fai ls. The obtained crack 
init iation stresses are listed in Table 5. The model with the larger angle of the Au edge 
has the lower crack initiation strength. 
120° 
90° 
(a) 60°/180° (b) 90°/180° (c) 120°/180° 
Fig. 9. FEM models of Au/Si (Cu/Si) bi-materials with different edge angles 
Table 5. Crack initiation stress of Au/ Si interface edge 




5.2. Comparison of the crack initiation strengths for different bi-materials 
The crack initiation strength is compared for two different ·bi-'mcrterials. The experi-
mental result for a sputtered copper (Cu) thin film on a Si substrate reported by Hirakata 
/  
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6 .  C O N C L U S I O N  
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9 b t a i n e d  f r o m  t h e  c o h e s i v e  z o n e  a p p r o a c h  a n d  f r o m  c r a c k  i n i t i a t i o n  e x p e r i m e n t s  a g r e e  
f a i r l y  w e l l  w i t h  e a c h  o t h e r .  T h i s  s i g n i f i e s  t h e  v a l i d i t y  o f  t h e  c o h e s i v e  l a w  m o d e l .  
. . .  
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The crack initiation stresses at the interface edges with different shapes are estimated 
on the basis of the cohesive zone approach. The model with the larger angle of the Au 
edge has the lower crack initiation strength. 
The interface strength of the Au/Si is quantitatively compared with a different bi-
material of a sputtered copper (Cu) on a Si substrate by the cohesive zone model approach. 
The strength of the Cu/Si with the angle of 60° / 180°, 90° / 180°and 120° / 180° is 7.4, 5.0 
and 4.7 times higher than that of the Au/Si, respectively. The difference in the crack 
initiation strength between the Au/Si and the Cu/Si is larger for the smaller edge angle. 
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